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7KH DLP RI WKLV VWXG\ LV WR DQDO\VH WKH HIIHFWV RI SURFHVVSDUDPHWHUV RQ MRLQW VWUHQJWK DQGZHOGZLGWKRIZHOGHG
DFU\OLFSODVWLFVSHFLPHQV3URFHVVRSWLPL]DWLRQLVDOVRPDGHWRPD[LPL]HMRLQWVWUHQJWKDVZHOODVPLQLPL]HRIZHOG
ZLGWKRIZHOGHGVDPSOHV/DSZHOGLQJKDVEHHQGRQHE\WKURXJKWUDQVPLVVLRQODVHUZHOGLQJZLWKYDU\LQJSURFHVV
SDUDPHWHUV QDPHO\ FXUUHQW VWDQGRII GLVWDQFH DQG FODPSLQJ SUHVVXUH ([SHULPHQWV KDYH EHHQ SODQQHG DV SHU /
RUWKRJRQDO DUUD\ RI 7DJXFKL PHWKRG *UH\7DJXFKL PHWKRG KDV EHHQ XWLOL]HG WR RSWLPL]H PXOWLUHVSRQVHV MRLQW
VWUHQJWK DQGZHOGZLGWK VLPXOWDQHRXVO\ 6WDWLVWLFDO WHFKQLTXHV OLNH DQDO\VLV RI YDULDQFH DQG VLJQDO WR QRLVHUDWLR
KDYHEHHQXVHGWRLGHQWLI\WKHVLJQLILFDQFHRIZHOGLQJYDULDEOHV7KHRSWLPDOSDUDPHWULFVHWWLQJ KDVEHHQ REWDLQHG
IURPPDLQHIIHFWSORWVRIVLJQDOWRQRLVHUDWLR 7KHFRQILUPDWRU\WHVWKDVEHHQFRQGXFWHGWRYDOLGDWHWKHRSWLPL]HG
FRQGLWLRQDQGRSWLPL]DWLRQ SURFHGXUHXVHGLQWKHVWXG\
 7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQG SHHUUHYLHZXQGHUUHVSRQVLELOLW\RI2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV /DVHUWUDQVPLVVLRQZHOGLQJ7DJXFKLPHWKRG*UH\UHODWLRQDODQDO\VLV:HOGZLGWK-RLQWVWUHQJWK
&RUUHVSRQGLQJDXWKRU7HO (PDLODGGUHVV UDPHVKUXGUDSDWL#JPDLOFRP
,QWURGXFWLRQ
/DVHUZHOGLQJZDVILUVWGHPRQVWUDWHGIRUWKHUPRSODVWLFVLQDQGVLQFHODWHLWKDVEHHQXVHGLQWKHPDVV
SURGXFWLRQ3ODVWLFVDUH IRXQG LQDZLGHYDULHW\RISURGXFWV IURP WKHYHU\ VLPSOHRQHV WR WKHH[WUHPHO\FRPSOH[
RQHV IRUGRPHVWLFSURGXFWVWRIRRGDQGPHGLFDOSURGXFWSDFNDJHVHOHFWULFDOGHYLFHVHOHFWURQLFVDQGDXWRPRELOHV
EHFDXVHRIWKHLUJRRGVWUHQJWKWRZHLJKWUDWLRHDVHRIIDEULFDWLRQRIFRPSOH[VKDSHVORZFRVWDQGHDVHRIUHF\FOLQJ
7KH\DUH UHSODFLQJPHWDOV LQFHUWDLQDSSOLFDWLRQV3ODVWLFVFDQDOVREHXVHGDVDEHWWHUDOWHUQDWLYHIRUJODVV ,Q WKH
SURFHVVRISURGXFLQJSODVWLFSURGXFWVZHOGLQJLVRIWHQQHHGHG7KHUHDUHVHYHUDOWHFKQLTXHVIRUMRLQLQJRUZHOGLQJ
RISODVWLFV/DVHU WUDQVPLVVLRQZHOGLQJ LV DQRYHOPHWKRGRI MRLQLQJDYDULHW\RI WKHUPRSODVWLFV ,W LVQRZZLGHO\
XVHGIRUMRLQLQJWKHUPRSODVWLFVLQLQGXVWU\XVLQJODVHUVRXUFHVZLWKZDYHOHQJWKV IURP±ȝPVXFKDVGLRGH
1G<$*DQGILEHUODVHUV,WRIIHUVVRPHVSHFLILFSURFHVV DGYDQWDJHVRYHUFRQYHQWLRQDOSODVWLFZHOGLQJWHFKQLTXHV
$FKHUMHHHWDO
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
2179 Nikhil Kumar et al. /  Procedia Materials Science  5 ( 2014 )  2178 – 2187 
/DVHU WUDQVPLVVLRQ ZHOGLQJ /7: LV DQ LQQRYDWLYH SODVWLF MRLQLQJ WHFKQRORJ\ ZLWK ZHOO NQRZQ JHQHUDO
DGYDQWDJHV VXFK DV QRQFRQWDFW QRQFRQWDPLQDQW SURFHVV HDV\ WR FRQWURO DXWRPDWLF )XUWKHUPRUH WKLV MRLQLQJ
SURFHVV LV IOH[LEOH KDV VKRUWHU SURFHVVLQJ WLPHV FDQ SURYLGH FRQVLVWHQW TXDOLW\ DQG LV UHSHDWDEOH ,Q ODVHU
WUDQVPLVVLRQZHOGLQJDODVHUEHDPLVDLPHGDW WZRRYHUODSSLQJWKHUPRSODVWLFSDUWVRIGLIIHUHQWRSWLFDOSURSHUWLHV
7KH ILUVW SDUW LV GHVLJQHG WR EH WUDQVSDUHQW WR WKH UDGLDWLRQ DW WKH ODVHU ZDYHOHQJWK DQG WKH VHFRQG SDUW LV WR EH
DEVRUEHQW WR WKDW UDGLDWLRQ 'HSHQGLQJ RQ WKH WKLFNQHVV DQG DEVRUSWLRQ FRHIILFLHQW RI WKH DEVRUELQJ SDUW WKH
WUDQVPLWWHGHQHUJ\LV DEVRUEHGRYHUDFHUWDLQGHSWKRIWKDWPDWHULDO 5XVVHNHWDO
$FKHUMHHHWDOFRQGXFWHGDQLQYHVWLJDWLRQRQODVHUWUDQVPLVVLRQZHOGLQJSURFHVVWRDQDO\]HDQGRSWLPL]H
WKHSURFHVVSDUDPHWHUV VXFKDV ODVHUSRZHUZHOGLQJ VSHHGDQGGHIRFXVSRVLWLRQDQG WKHUHE\ WR LPSURYHPXOWLSOH
TXDOLW\ FKDUDFWHULVWLF WKURXJK WKLV DSSURDFK7KH DXWKRUV XWLOL]HG WKHK\EULG WHFKQLTXH7DJXFKLPHWKRG FRPELQHG
ZLWK JUH\ UHODWLRQDO DQDO\VLV WR RSWLPL]H ZHOGZLGWK DQGZHOG VWUHQJWK VLPXOWDQHRXVO\ )DFWRU DQDO\VLV ZDV DOVR
GRQH WR LGHQWLI\ WKH VLJQLILFDQW IDFWRUVZLWK WKH XVHRI VLJQDOWRQRLVH UDWLRDQGPDLQHIIHFWSORWV0DVRXPLHW DO
LQYHVWLJDWHGWKHHIIHFWVRISURFHVVSDUDPHWHUVRQZHOGMRLQWVWUHQJWKORZFDUERQVWHHOVKHHWVLQODVHUZHOGLQJ
7KH UHODWLRQVKLSEHWZHHQZHOGLQJ VWUHQJWK DQG ODVHU SDUDPHWHUVZDV VWXGLHGXVLQJ7DJXFKL GHVLJQRI H[SHULPHQW
PHWKRG7KHVWDWLVWLFDOPHWKRG OLNHVLJQDOWRQRLVH UDWLRZDVXVHG WRGHWHUPLQH WKH LQIOXHQWLDOZHOGLQJSDUDPHWHUV
DQG SURFHVV RSWLPL]DWLRQ ZDV REWDLQHG E\ 7DJXFKL PHWKRG0D]XPGDU DQG+RD  VWXGLHG WKH LQIOXHQFH RI
SURFHVV SDUDPHWHUV ODVHU SRZHU FRQVROLGDWLRQ SUHVVXUH DQG WDSH VSHHG RQ ERQG VWUHQJWK RI FDUERQ ILEUH
WKHUPRSODVWLFVFRPSRVLWH ULQJV LQ WKHUPRSODVWLF WDSHZLQGLQJSURFHVV([SHULPHQWDOKDGEHHQFRQGXFWHGXVLQJ/
RUWKRJRQDODUUD\RI7DJXFKLPHWKRG7KHSHUFHQWDJHFRQWULEXWLRQRIHDFKYDULDEOHRQTXDOLW\RIERQGVWUHQJWKZDV
LQYHVWLJDWHGE\XVLQJVWDWLVWLFDODQDO\VLVRIYDULDQFH
7DPULQHWDO PDGHSDUDPHWULFDQDO\VLV LQ&2 ODVHU ODSMRLQLQJRIGLVVLPLODUPDWHULDOV WRRSWLPL]HZHOG
VWUHQJWK ZHOG ZLGWK DQG .HUI ZLGWK E\ XVLQJ JUH\ UHODWLRQDO DQDO\VLV 7KH ODVHU SRZHU VWDQGRII GLVWDQFH DQG
ZHOGLQJVSHHG ZHUH VHOHFWHGDVLQSXWFRQWUROYDULDEOHV)XOOIDFWRULDOGHVLJQZDVFRQVLGHUHGIRUH[SHULPHQWDWLRQ
*UH\ UHODWLRQDO DQDO\VLV DQG VWDWLVWLFDO DQDO\VLV RI YDULDQFH ZHUH XVHG IRU DQDO\VLQJ DQG RSWLPL]LQJ WKH PXOWL
UHVSRQVHFKDUDFWHULVWLFV 3DQHWDOSUHVHQWHGDQGGHPRQVWUDWHGWKHHIIHFWLYHQHVVRIRSWLPL]LQJPXOWLUHVSRQVH
YDULDEOHV FKDUDFWHULVWLFVLQ1G<$*ODVHUZHOGLQJE\XVLQJ7DJXFKLEDVHGJUH\UHODWLRQDODQDO\VLV LQWKHFRQWH[WRI
ZHOGLQJRI WLWDQLXPDOOR\SODWHV7KH VKLHOGLQJ JDV ODVHU HQHUJ\ WUDYHOOLQJ VSHHGRIZRUNSLHFHGXULQJZHOGLQJ
IXVLRQ SRVLWLRQ IUHTXHQF\ RI LPSXOVH ODVHU DQG SXOVH VKDSH RI WKH SULPDU\ ODVHU EHDPZHUH FRQVLGHUHG DV LQSXW
SDUDPHWHUVDQGKLJKXOWLPDWH WHQVLRQ VWUHVV VPDOOKHDW DIIHFWHG]RQH ODUJHZHOGLQJGHSWK WRZLGWK UDWLRDQG ORZ
VXUIDFHURXJKQHVVIROORZLQJODVHUZHOGLQJZHUHVHOHFWHGDVRXWSXW UHVSRQVHSDUDPHWHUV:HOGLQJKDGEHHQFDUULHG
RXW DQG DERYH FKDUDFWHULVWLFV ZDV PHDVXUHG 7KH REWDLQHG H[SHULPHQWDO GDWD ZHUH DQDO\VHG LQWHUSUHWHG DQG
RSWLPL]HGZLWKXVHRIJUH\7DJXFKLPHWKRG7KHLPSURYHGTXDOLW\FKDUDFWHULVWLFVZHUHREWDLQHGDWRSWLPDO ZHOGLQJ
FRQGLWLRQFRPSDUHGWRFRQYHQWLRQDOSDUDPHWHUVHWWLQJ
-DQVVRQ HW DO LQYHVWLJDWHG WKH HIIHFW RI LQSXW SDUDPHWHUV RQ FRQWRXU DQG TXDVLVLPXOWDQHRXV ODVHU
WUDQVPLVVLRQZHOGLQJSURFHVVHVE\YDU\LQJODVHUSRZHUZHOGLQJVSHHGDQGEHDPVSRW VL]H 5HVHDUFKHUVVWDWHGWKDW
PD[LPXP WHQVLOH VWUHQJWKZDV DFKLHYHG DW WKH VDPH OLQH HQHUJ\ UDQJHZLWK DQ\ RI WKH XVHGZHOGLQJ VSHHG7KH
WHQVLOHVWUHQJWKGHFUHDVHGZLWKLQFUHDVHRIDLUJDSEHWZHHQWKHSDUWV+RZHYHUVWURQJHVWZHOGVWUHQJWKIRUGLIIHUHQW
DLUJDSVZDVDFKLHYHGZLWKDSSUR[LPDWHO\WKHVDPHOLQHHQHUJ\DVLQH[SHULPHQWVZLWKRXWDQDLUJDS$QGPD[LPXP
ZHOGVWUHQJWKSHU OHQJWK LQFUHDVHGZLWK WKHQXPEHURIVFDQV%UD\HWDO  LQYHVWLJDWHG WKHHIIHFWRIVSHFLILF
Q\ORQFRPSRVLWLRQIDFWRUVVXFKDVILEHU JODVVPLQHUDOLPSDFWPRGLILHUFRQWHQWDQG FRORXU YHUVLRQRQWKHQHDULQIUD
UHG WUDQVPLVVLRQ FKDUDFWHULVWLFV 7KH\ VXJJHVWHG WKDW VHOHFWHG SLJPHQWV DQG G\HV VKRXOG SRVVHVV WKH DSSURSULDWH
RSWLFDOSURSHUWLHV7KHUHVXOWVIRUWKHWHQVLOHVWUHQJWKVKRZHGWKDWIRUWKHUPRSODVWLFFRPSRQHQWVZHOGHGIURP3$
EDVHGSODVWLFV WKHWHFKQRORJLHVRIYLEUDWLRQZHOGLQJKRWSODWHZHOGLQJDQG7KURXJK7UDQVPLVVLRQ/DVHU:HOGLQJ
ZHUHWKUHHWLPHVPRUHHIILFLHQWWKDQXOWUDVRQLFZHOGLQJ 'RQJ[LDHWDODSSOLHG7DJXFKLPHWKRGWRRSWLPL]H
ZHOGEHDGJHRPHWU\LQODVHUZHOGLQJZLWKILOOHUZLUHSURFHVV:HOGLQJRIQHZW\SHRI$OOR\$O0JZDVGRQHZLWK
ILOOHUZLUH:HOGLQJSDUDPHWHUV WDNHQLQWRFRQVLGHUDWLRQZHUHZHOGLQJVSHHGODVHUSRZHUDQGZLUHIHHGUDWH2XWSXW
UHVSRQVH ZDV WDNHQ DV ZHOG EHDG DQG WKH IXVLRQ ]RQH DUHD 7DJXFKL PHWKRG DSSOLHG WR RSWLPL]H WKH SURFHVV
SDUDPHWHUIRUPLQLPL]HGERWKWKHZHOGZLGWKDQGWKHIXVLRQ]RQHDUHD
0DVRXPLHWDOLQYHVWLJDWHGODVHUVSRWZHOGLQJRIORZFDUERQVKHHWV%\WKHDSSOLFDWLRQRI7DJXFKLPHWKRG
UHODWLRQVKLSEHWZHHQ MRLQW VWUHQJWKDQG ODVHU VSRWZHOGLQJSDUDPHWHUVZDV VWXGLHG7DJXFKLDQDO\VLVZDVPDGH WR
GHWHUPLQH WKHPRVWHIIHFWLYHSDUDPHWHUV LQ WKH LQYHVWLJDWHGUDQJHRQ WKHTXDOLW\RI ODVHUZHOGHG MRLQW IDFWRUV
OHYHOVKDG EHHQWDNHQLQWRFRQVLGHUDWLRQ3XOVHG1G<$*ODVHU ZDV XVHGIRUVSRWODVHUZHOGLQJSURFHVV0D[LPXP
IDLOXUH HQHUJ\ RI ODVHU VSRW ZHOGLQJ MRLQWV ZDV GHWHUPLQHG %HQ\RXQLV HW DO VWXGLHG WHQVLOH VWUHQJWK DQG
LPSDFW VWUHQJWK DORQJ ZLWK WKH MRLQWRSHUDWLQJ FRVW RI ODVHU ZHOGHG EXWW MRLQWV PDGH RI $,6, 'HVLJQH[SHUW
VRIWZDUHZDVXVHGWRHVWDEOLVKWKHGHVLJQPDWUL[DQGWRDQDO\]HWKHH[SHULPHQWDOGDWD7KUHHLQSXWSDUDPHWHUVODVHU
SRZHUZHOGLQJVSHHGDQGIRFDOSRLQWSRVLWLRQDQGWKHWKUHH UHVSRQVHVWHQVLOHVWUHQJWKLPSDFWVWUHQJWKDQGMRLQW
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RSHUDWLQJ FRVW ZHUH FRQVLGHUHG 7KH RSWLPDO ZHOGLQJ FRQGLWLRQV ZHUH LGHQWLILHG LQ RUGHU WR LQFUHDVH WKH
SURGXFWLYLW\ DQG PLQLPL]H WKH WRWDO RSHUDWLQJ FRVW :DQJ HW DO  DSSOLHG D FHQWUDO FRPSRVLWH URWDWDEOH
H[SHULPHQWDO GHVLJQ WR SODQ WKH H[SHULPHQW RI ODVHU WUDQVPLVVLRQ MRLQLQJ RI WKHUPRSODVWLF PDWHULDOV 5HVSRQVH
VXUIDFHPHWKRGRORJ\ 560ZDV LQ XVHG WR HVWDEOLVK WKHPDWKHPDWLFDO UHODWLRQVKLSV EHWZHHQ WKH MRLQLQJ SURFHVV
SDUDPHWHUV ODVHU SRZHU MRLQLQJ YHORFLW\ FODPS SUHVVXUH VFDQQLQJ QXPEHU DQG WKH WKUHH UHVSRQVHV WKH MRLQW
VWUHQJWKMRLQWZLGWKDQGMRLQWFRVW'HVLJQH[SHUWVRIWZDUHZDVXVHGWRFDUU\RXWWKHPXOWLREMHFWLYHRSWLPL]DWLRQ
RIWKHMRLQLQJSURFHVV$QDO\VLVRIYDULDQFHWHFKQLTXH ZDV XVHGWRLGHQWLI\WKHHIIHFWVRIMRLQLQJSURFHVVSDUDPHWHUV
RQUHVSRQVHV3DOHWDO ,QYHVWLJDWHGRQSDUDPHWULFRSWLPL]DWLRQRI WUDQVPLVVLRQZHOGLQJRIDFU\OLFSODVWLFV
7KHDXWKRUVDSSOLHG7DJXFKLPHWKRGIRUVLQJOHREMHFWLYHRSWLPL]DWLRQDQG $129$ ZDVXVHG WRLGHQWLI\ WKHPRVW
VLJQLILFDQWSDUDPHWHURQWKHUHVSRQVH-RLQWVWUHQJWK
7KURXJKWUDQVPLVVLRQODVHUZHOGLQJRISODVWLFVLVQRWDQDUHDZKHUHHQRXJKLQYHVWLJDWLRQKDVEHHQGRQH6HYHUDO
DVSHFWV QHHG WR EH H[SORUHG H[WHQVLYHO\ WR GHYHORS D VRXQG NQRZOHGJHEDVH LQ WKLV DUHD 7DNLQJ WKLV LQWR
FRQVLGHUDWLRQ SUHVHQWVWXG\LVSODQQHGWRVWXG\WKHHIIHFWVRIZHOGLQJSDUDPHWHUVRQMRLQWVWUHQJWKDQGZHOGZLGWK
RIZHOGHGDFU\OLFSODVWLFVDQGRSWLPL]H WKHPSURFHVVSDUDPHWHUV WRPD[LPL]H MRLQW VWUHQJWKDQGPLQLPL]HZHOG
ZLGWKVLPXOWDQHRXVO\ZLWKXVHRIJUH\7DJXFKLPHWKRG
 7DJXFKLPHWKRGIRUH[SHULPHQWDOGHVLJQDQGJUH\UHODWLRQDODQDO\VLV
7DJXFKL¶VSKLORVRSK\LVDQHIILFLHQWWRROIRUGHVLJQRIKLJKTXDOLW\PDQXIDFWXULQJV\VWHP7DJXFKLGHVLJQIRFXVHV
RQ GHVLJQLQJ SURGXFWVSURFHVVHV VR DV WR UREXVW WR HQYLURQPHQWDO FRQGLWLRQV RU FRPSRQHQW YDULDWLRQ WKXV
PLQLPL]LQJYDULDWLRQRUVHQVLWLYLW\WRQRLVHDURXQGDWDUJHWYDOXH7KHPDLQJRDORIDQDO\VLVLVWRLQYHVWLJDWLQJKRZ
GLIIHUHQW SURFHVV SDUDPHWHUV DIIHFW WKH PHDQ DQG YDULDQFH RI SURFHVV SHUIRUPDQFH FKDUDFWHULVWLFV DQG ZKLFK
YDULDEOHVFRQWULEXWHVLJQLILFDQWO\7KHH[SHULPHQWDOGHVLJQSURSRVHGE\7DJXFKLPHWKRGXVHVWKHRUWKRJRQDODUUD\
WRRUJDQL]HWKHSDUDPHWHUVDIIHFWLQJWKHSURFHVVHVDQGDOVRWKH OHYHOVRIWKHSDUDPHWHUV7KLVDOORZVWHVWLQJRQO\D
OLPLWHG FROOHFWLRQ RI SDUDPHWULF FRQGLWLRQV LQVWHDG WR FKHFN DOO SRVVLEOH FRPELQDWLRQV OLNH IDFWRULDO GHVLJQ 6XFK
PHWKRGDOORZVGHWHUPLQDWLRQRIIDFWRUVZKLFKPRVWDIIHFWSURGXFWTXDOLW\ZLWKDPLQLPXP DPRXQWRIH[SHULPHQWV
WKXVVDYLQJWLPHDQGUHVRXUFHV)UDWLODDQG&DL]DU/ RUWKRJRQDODUUD\RI7DJXFKLPHWKRGKDVEHHQXVHGLQ
WKH SUHVHQW LQYHVWLJDWLRQ WR VWXG\ WKH HIIHFWV RI SURFHVV SDUDPHWHUV RQ ZHOG ZLGWK DQG MRLQW VWUHQJWK 7DJXFKL
PHWKRGXVHVDSURFHGXUHWKDWDSSOLHVRUWKRJRQDODUUD\VRIVWDWLVWLFDOGHVLJQHGH[SHULPHQWVWRREWDLQWKHEHVWUHVXOWV
ZLWK PLQLPXP QXPEHU RI H[SHULPHQWV ,W XVHV WKH VLJQDOWRQRLVH UDWLR 61 WR PHDVXUH WKH SHUIRUPDQFH
FKDUDFWHULVWLFV DQG WKH SHUFHQWDJH FRQWULEXWLRQ RI LQSXW SDUDPHWHUV WKURXJK DQDO\VLV RI YDULDQFH 7KUHH GLIIHUHQW
REMHFWLYHIXQFWLRQVDUHXVHGLQWKH7DJXFKLPHWKRGWRRSWLPL]HWKHUHVSRQVHYDULDEOH7KHVHREMHFWLYHIXQFWLRQVDUH
VKRZQLQ(TXDWLRQV  )RUHDFKRIWKHVHW\SHVWKHRSWLPDOOHYHORIDSURFHVVSDUDPHWHULV WKHOHYHOZKLFK
UHVXOWV LQ WKH KLJKHVW YDOXH RI VLJQDO WR QRLVHUDWLR RI WUDQVIRUPDWLRQ  ,Q WKH SUHVHQW ZRUN VPDOOHUWKHEHWWHU LV
VHOHFWHGIRUPLQLPL]DWLRQRIZHOGZLGWKDQGODUJHUWKHEHWWHUFULWHULRQIRUMRLQWVWUHQJWK
/DUJHUWKH%HWWHU α Ϋ ͳͲ ͳͲ σ  ȋͳȌ
6PDOOHUWKH%HWWHU α
ͳͲ ͳͲ σ  ȋʹȌ1RPLQDOWKH%HVW α
Ϋ ͳͲ ȋ͵Ȍ:KHUHQ QXPEHURI
SDUDPHWHUV\ RXWSXWUHVSRQVH PHDQG VWDQGDUGGHYLDWLRQ
7KHSXUSRVHRIWKHDQDO\VLVRIYDULDQFHLVWRLQYHVWLJDWHZKLFKZHOGLQJSDUDPHWHUVVLJQLILFDQWO\DIIHFWWKH
UHVSRQVHV7KLVSURFHVVLVFDUULHG RXWE\FRPSDULQJWKH)WHVWYDOXHRIWKHSDUDPHWHUZLWKWKHVWDQGDUG)WDEOHYDOXH
)DW WKHVLJQLILFDQFH OHYHO7KHDVVRFLDWHG3YDOXHVRIOHVVWKDQIRUWKHPRGHOVLHĮ RU
FRQILGHQFH OHYHO LQGLFDWH WKDW WKH PRGHO WHUPV DUH VWDWLVWLFDOO\ VLJQLILFDQW 3HUFHQWDJH FRQWULEXWLRQ RI SURFHVV
SDUDPHWHUVRQUHVSRQVHLVGHWHUPLQHGIURP6HT66YDOXHVRI$129$WDEOH3HUFHQWDJHFRQWULEXWLRQLVFDOFXODWHG
XVLQJWKHIROORZLQJH[SUHVVLRQ
3HUFHQWDJHFRQWULEXWLRQRIDWHUP    
  
έ ͳͲͲ 
66 6XP RI VTXDUHG GHYLDWLRQ 6HT 66 6HTXHQWLDO VXP RI VTXDUH GHYLDWLRQ ) )LVKHU¶V UDWLR 3 3UREDELOLW\ RI
VLJQLILFDQFH
*UH\ UHODWLRQDO DQDO\VLV 2SWLPL]DWLRQ RI PXOWLSOH SHUIRUPDQFH FKDUDFWHULVWLFV LV QRW VWUDLJKW IRUZDUG DQG PXFK
PRUH FRPSOLFDWHG WKDQ RI VLQJOH SHUIRUPDQFH FKDUDFWHULVWLFV 7R VROYH WKHPXOWLUHVSRQVHV LH MRLQW VWUHQJWK DQG
ZHOGZLGWK VLPXOWDQHRXVO\ LQ WKH SUHVHQWZRUN JUH\ UHODWLRQDO DQDO\VLV LV XVHG WR FRQYHUWPXOWLSOH RSWLPL]DWLRQ
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SUREOHPVLQWRVLQJOHREMHFWLYHRSWLPL]DWLRQSUREOHP*UH\UHODWLRQDODQDO\VLVLVWKHQFRXSOHGZLWK7DJXFKLPHWKRG
WR DQDO\]H DQG RSWLPL]H WKH WKURXJK WUDQVPLVVLRQ ODVHU ZHOGLQJ SURFHVV )XUWKHUPRUH WKH DQDO\VLV RI YDULDQFH
$129$DQGVLJQDOWRQRLVHUDWLRDUHXVHGWRGHWHUPLQHWKHVLJQLILFDQWSURFHVVSDUDPHWHUV 7KHRSWLPDOSDUDPHWULF
FRQGLWLRQKDVEHHQREWDLQHGIURP7DJXFKLPHWKRG
*UH\WKHRU\SURYLGHVWKHIROORZLQJVWHSVWRRSWLPL]HWKHSURFHVVSDUDPHWHUV >/LDQG7VDLDQG &DPSDQHOOLQHW
DO@
x 1RUPDOL]DWLRQRIZHOGZLGWKDQGMRLQWVWUHQJWKYDOXHVREVHUYHGLQWKHH[SHULPHQWV
x &DOFXODWLRQRIJUH\UHODWLRQDOFRHIILFLHQW
x &DOFXODWLRQRIJUH\UHODWLRQDOJUDGHE\DYHUDJLQJWKH JUH\UHODWLRQDOFRHIILFLHQWV
x $SSOLFDWLRQRI7DJXFKLPHWKRGRQJUH\UHODWLRQDODQDO\VLVE\DSSO\LQJ61UDWLRFRQFHSW
x 6HOHFWLRQRIRSWLPDOOHYHOVRISURFHVVSDUDPHWHUV
x 9HULILFDWLRQRIWKHRSWLPDOOHYHOVE\FRQILUPDWLRQH[SHULPHQWV
 ([SHULPHQWDOZRUN
7KHSKRWRJUDSKLF YLHZRIWKHH[SHULPHQWDOVHWXSIRUWKHSUHVHQWZRUNLVVKRZQLQ )LJ$ :GLRGHODVHUKDV
EHHQXVHGIRUWKLVVWXG\ZRUNSLHFHPDWHULDOVKDYHEHHQFXWLQWRGHVLUHGGLPHQVLRQVWKHVHWXSKDVEHHQPDGHUHDG\
DQGSUHSDUHGIRUGRLQJZHOGLQJ7KH VHOHFWHGSURFHVVSDUDPHWHUVDQGLWVOHYHOVDUHJLYHQLQ7DEOH1RZODSMRLQWV
DUH PDGH XQGHU YDULHG FRQGLWLRQV RI ZHOGLQJ DV JLYHQ LQ 7DEOH   ZHOGHG VDPSOHV DUH WKXV PDGH E\ WKURXJK
WUDQVPLVVLRQODVHUZHOGLQJSURFHVV7KHRYHUODSOHQJWKLQHDFKMRLQWKDVEHHQWDNHQ DVPP(DFKODSMRLQWLVPDGH
XSRIRQHWUDQVSDUHQWSLHFHDQGRQHRSDTXHEODFNERWKEHLQJDFU\OLFSODVWLF7KHRSDTXHSLHFHKDVEHHQSRVLWLRQHG
DWWKHERWWRPZKLOHWKHWUDQVSDUHQWSLHFHKDVEHHQSODFHGRYHULW/DVHUEHDPKDVEHHQVFDQQHGWKURXJKWKHPLGGOH
RI WKHRYHUODS OHQJWK7KHGLPHQVLRQVRIHDFKSLHFHDUHPPîPPîPP'XULQJZHOGLQJ ODVHUEHDP KDV
PRYHGWKURXJKPLGGOHRIWKHRYHUODSSHGOHQJWKDVVKRZQLQ)LJ
7KHZHOGZLGWKVDUHPHDVXUHGXQGHUPHWDOOXUJLFDOPLFURVFRSH $QREMHFWLYHOHQVRI;PDJQLILFDWLRQLVXVHGIRU
PHDVXULQJ ZHOG ZLGWKV 7KH WKUHH ORFDWLRQV DW ZKLFK PHDVXUHPHQWV KDYH EHHQ WDNHQ DUH VKRZQ LQ )LJ 7KUHH
PHDVXUHPHQWVRIZHOGZLGWK::DQG:DUHWDNHQDWGLIIHUHQWSRVLWLRQVDQGWKHQDYHUDJHG8QLYHUVDOWHVWLQJ
PDFKLQH ZLWK FDSDFLW\ .1 KDV EHHQ XVHG IRU PHDVXUHPHQW RI MRLQW VWUHQJWK RI WKH ZHOGHG VDPSOHV 7KH
SKRWRJUDSKLFYLHZRIWZREURNHQVDPSOHDIWHUSXOOWHVWDUHVKRZQLQ)LJVDQG
7DEOH/DVHUWUDQVPLVVLRQZHOGLQJSDUDPHWHUVDQG WKHLUOHYHOV
3DUDPHWHUV 8QLW /HYHO /HYHO /HYHO
&XUUHQW& $   
6WDQGRIIGLVWDQFH' PP   
&ODPSLQJSUHVVXUH3 EDU   
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)LJ 3LFWRULDOYLHZRIWKHH[SHULPHQWDOVHWXS
)LJ/DVHUWUDQVPLVVLRQZHOGLQJSURFHVV
)LJ3KRWRJUDSKLFYLHZRIWKHVDPSOH VDPSOHQXPEHUGXULQJ PHDVXUHPHQWRIZHOGZLGWKDWWKUHHGLIIHUHQWORFDWLRQV
)LJ3KRWRJUDSKLFYLHZRIWKH VDPSOHVDPSOHQXPEHUDIWHUODSSXOOWHVWVKRZLQJIUDFWXUHDWWKHHGJHRIWKHZHOG]RQH
:
:
:
)UDFWXUHDWZHOG]RQH
6DPSOHQR
6DPSOHQR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)LJ3KRWRJUDSKLFYLHZ RIWKHVDPSOHVDPSOHQXPEHUDIWHUODSSXOOWHVWVKRZLQJIDLOXUHDWZHOG]RQH
 5HVXOWVDQGDQDO\VLV
:HOGZLGWKVDQG MRLQWVWUHQJWKRIZHOGHGVDPSOHVDUHPHDVXUHGDQGSUHVHQWHG LQ7DEOH7KHPXOWLREMHFWLYH
RSWLPL]DWLRQ KDV EHHQ SODQQHG E\ FRQYHUWLQJ PXOWLUHVSRQVHV ZHOG ZLGWK DQG ZHOG MRLQW VWUHQJWK LQWR VLQJOH
REMHFWLYHSUREOHPZLWKXVHRIJUH\UHODWLRQDODQDO\VLVWHFKQLTXH7KHQDQDO\VLVRIYDULDQFHDQGVLJQDOWRQRLVHUDWLR
KDYHEHHQXVHG WR VWXG\ WKH LQIOXHQFHRIZHOGLQJSDUDPHWHUV)LQDOO\ WKHDSSOLFDWLRQRI7DJXFKLPHWKRGRORJ\ LV
XVHGWRRSWLPL]HWKHSURFHVVSDUDPHWHUVWRPD[LPL]HZHOG MRLQWVWUHQJWKDQGPLQLPL]HZHOGZLGWKFRPELQHGO\
7DEOH5HVXOWVRIZHOGZLGWKPHDVXUHPHQWDQGMRLQWVWUHQJWKRIZHOGHGVDPSOHV
([SHULPHQW
6DPSOH1R
&XUUHQW&
$
6WDQGRII
GLVWDQFH'
PP
3UHVVXUH
3
EDU
:HOG
ZLGWK::
PP
-RLQWVWUHQJWK-6
03D
     
     
     
     
     
     
     
     
     
 0XOWLREMHFWLYHRSWLPL]DWLRQE\ JUH\EDVHG7DJXFKLPHWKRG
,QJUH\ UHODWLRQDODQDO\VLV H[SHULPHQWDOGDWD LHPHDVXUHG IHDWXUHVRITXDOLW\FKDUDFWHULVWLFVDUH ILUVWQRUPDOL]HG
VXFKWKDWQRUPDOL]HGYDOXHVDUHLQWKHUDQJH]HURWRRQH7KLVSURFHVVLVNQRZQDV*UH\UHODWLRQDOJHQHUDWLRQ 1H[W
EDVHGRQQRUPDOL]HGH[SHULPHQWDOGDWD*UH\UHODWLRQDOFRHIILFLHQWLVFDOFXODWHGWRUHSUHVHQWWKHFRUUHODWLRQEHWZHHQ
WKHGHVLUHGDQGDFWXDOH[SHULPHQWDOGDWD7KHQRYHUDOOJUH\ UHODWLRQDOJUDGH LVGHWHUPLQHGE\DYHUDJLQJ WKH*UH\
UHODWLRQDOFRHIILFLHQWFRUUHVSRQGLQJ WRVHOHFWHGUHVSRQVHV7KHRYHUDOOSHUIRUPDQFHFKDUDFWHULVWLFRI WKHPXOWLSOH
UHVSRQVH SURFHVV GHSHQGV RQ WKH FDOFXODWHG JUH\ UHODWLRQDO JUDGH 7KLV DSSURDFK FRQYHUWV D PXOWLSOH UHVSRQVH
SURFHVV RSWLPL]DWLRQ SUREOHP LQWR D VLQJOH UHVSRQVH RSWLPL]DWLRQ VLWXDWLRQ ZLWK WKH REMHFWLYH IXQFWLRQ EHLQJ WKH
RYHUDOOJUH\UHODWLRQDOJUDGH7KHRSWLPDOSDUDPHWULFFRPELQDWLRQLVWKHQHYDOXDWHGZKLFKZRXOGUHVXOWKLJKHVWJUH\
UHODWLRQDO JUDGH 7KH RSWLPDO IDFWRU VHWWLQJ IRU PD[LPL]LQJ RYHUDOO JUH\ UHODWLRQDO JUDGH KDV EHHQ SHUIRUPHG E\
7DJXFKLPHWKRG
)DLOXUHDWZHOG]RQH
6DPSOHQR
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 *UH\UHODWLRQDOJHQHUDWLQJ
,QJUH\UHODWLRQDODQDO\VLVWKHUDZH[SHULPHQWDOGDWDJLYHQLQ7DEOHDUHQRUPDOL]HGDWILUVW,QWKLVVWHSD
OLQHDUQRUPDOL]DWLRQRIWKHH[SHULPHQWDOUHVXOWVIRUWKHUHVSRQVHVYL]MRLQWVWUHQJWKDQGZHOGZLGWKLVSHUIRUPHG LV
GRQH 7KLV LV FDOOHG WKH JUH\ UHODWLRQDO JHQHUDWLRQ )RU ODUJHUWKHEHWWHU FKDUDFWHULVWLFV MRLQW VWUHQJWK WKH GDWD
SURFHVVLQJLVFDOFXODWHGE\
α
Ϋ
Ϋ
ȋ  ȌȋͷȌ
:KHUH \LM LVWKH LWKTXDOLW\FKDUDFWHULVWLFLQWKH MWKH[SHULPHQW
)RUVPDOOHUWKHEHWWHUTXDOLW\FKDUDFWHULVWLFZHOGZLGWKWKHGDWDSURFHVVLQJLVFDOFXODWHGE\
α
Ϋ
Ϋ
ȋ  Ȍȋ͸Ȍ
:KHUH \LM LVWKH LWKTXDOLW\FKDUDFWHULVWLFLQWKH MWKH[SHULPHQW
1RUPDOL]HGYDOXHVIRUMRLQWVWUHQJWK LVFDOFXODWHGE\XVLQJ(TDQGZHOGZLGWKLVFDOFXODWHGE\XVLQJ(T7KH
UHVXOWVDUHVKRZQLQ7DEOH
*UH\UHODWLRQDOFRHIILFLHQWFDOFXODWLRQ
*UH\UHODWLRQDOFRHIILFLHQWVDUHFDOFXODWHGWRH[SUHVVWKHUHODWLRQVKLSEHWZHHQWKHLGHDODQGWKH DFWXDOH[SHULPHQWDO
UHVXOWV7DEOHSUHVHQWVWKHJUH\UHODWLRQDOFRHIILFLHQWVIRUHDFKH[SHULPHQWRIWKH/ RUWKRJRQDODUUD\RI7DJXFKL¶V
GHVLJQPDWUL[
7KHJUH\UHODWLRQDOFRHIILFLHQW ȟLMFDQEHH[SUHVVHGDV

α
ሃ Ϋ ሃ Ϊ ሃ Ϋ ሃ
ሃ Ϋ ሃ Ϊ ሃ Ϋ ሃ

:KHUH[L LV WKHLGHDOQRUPDOL]HGUHVXOWLHEHVWQRUPDOL]HGUHVXOW IRUWKH LWKUHVSRQVHDQG ȟ>@LVD
GLVWLQJXLVKLQJFRHIILFLHQWWKHSXUSRVHRIZKLFKLVWRZHDNHQWKHHIIHFWRIPD[LPD[MŇ[L[LMŇZKHQLWJHWVWRRELJ,Q
JHQHUDOLWLVVHWWRLIDOOWKHSURFHVVSDUDPHWHUV KDYHHTXDOZHLJKWLQJ
*UH\UHODWLRQDOJUDGHVFDOFXODWLRQ
$IWHU REWDLQLQJ WKH JUH\ UHODWLRQDO FRHIILFLHQWV D ZHLJKWLQJ PHWKRG LV XVHG WR LQWHJUDWH WKH JUH\ UHODWLRQDO
FRHIILFLHQWVRIHDFKH[SHULPHQWLQWRWKHJUH\UHODWLRQDOJUDGH7KH JUH\ UHODWLRQDOJUDGHLVFDOFXODWHGE\XVLQJ(T
α
ͳ
ȋͺȌ
:KHUH \M LVWKHJUH\UHODWLRQDOJUDGHIRUWKH MWKH[SHULPHQW ZL LVZHLJKWLQJIDFWRUIRUWKH LWKUHVSRQVHDQG P LQWKH
QXPEHURIUHVSRQVHV,QFDOFXODWLQJWKHJUH\UHODWLRQDOJUDGHWKHHTXDOZHLJKWDJHKDVJLYHQWRERWKWKHUHVSRQVHV
&DOFXODWHGYDOXHVRIJUH\UHODWLRQDOJUDGHVDUHVKRZQLQ7DEOH7KHKLJKHUWKHJUH\UHODWLRQDOJUDGHEHWWHULVWKH
GHVLUHG UHVSRQVH ,Q WKH SUHVHQWZRUN WKH H[SHULPHQW QXPEHU  KDV WKH RSWLPXPZHOGLQJ FRQGLWLRQ FRQVLGHULQJ
PLQLPL]DWLRQRIZHOGZLGWKDQGPD[LPL]DWLRQRIMRLQWVWUHQJWKVLPXOWDQHRXVO\EHFDXVHDWWKLVFRQGLWLRQWKHYDOXH
RI WKH JUH\ UHODWLRQDO JUDGH LV PD[LPXP +RZHYHU WKLV LV WKH RSWLPXP SDUDPHWULF FRQGLWLRQ DPRQJ WKH 
FRQGLWLRQV XVHG LQ WKH H[SHULPHQWV $QG LW LV REWDLQHG WKURXJK JUH\ UHODWLRQDO DQDO\VLV RQO\ ZLWKRXW LPSRVLQJ
7DJXFKL¶V61UDWLRFRQFHSWRQJUH\UHODWLRQDOJUDGH,Q VXEVHTXHQWDQDO\VLV7DJXFKLEDVHGJUH\UHODWLRQDODSSURDFK
KDV EHHQ DSSOLHG WR RSWLPL]H WKH WKURXJK WUDQVPLVVLRQ ODVHU ZHOGLQJ RSHUDWLRQ WR PLQLPL]H DQG PD[LPL]H ZHOG
ZLGWKDQGZHOGMRLQWVWUHQJWKFRPELQHGO\
7DEOH1RUPDOL]HGYDOXHV*UH\UHODWLRQDOFRHIILFLHQWYDOXHVDQG JUH\UHODWLRQDOJUDGHVRIWKHUHVSRQVHV
([SHULPHQW1R 1RUPDOL]DWLRQ *UH\UHODWLRQDOFRHIILFLHQW *UH\UHODWLRQDOJUDGH
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7KHVWDWLVWLFDO DQDO\VLVRI VLJQDOWRQRLVH UDWLR ZLWK ODUJHU WKHEHWWHUFULWHULD LVDSSOLHGRQJUH\UHODWLRQDOJUDGH WR
LGHQWLI\ WKH VLJQLILFDQW ZHOGLQJ SDUDPHWHUV 7KH DQDO\VLV RI YDULDQFH WDEOH LV VKRZQ LQ 7DEOH  7KH DQDO\VLV RI
YDULDQFHLVFRQGXFWHGDWFRQILGHQFHOHYHOLHVLJQLILFDQFHOHYHO,I3YDOXH VKRZQLQ7DEOHLVPRUHWKDQ
 WKHQ WKHFRUUHVSRQGLQJ IDFWRUZRXOGEHVLJQLILFDQWRQUHVSRQVHV )URP7KH7DEOH LW LV IRXQG WKDWZHOGLQJ
SDUDPHWHUV GR QRW KDYH LQIOXHQFH RQ RXWSXW UHVSRQVHV5HVSRQVH WDEOH IRU VLJQDOWRQRLVH UDWLR RI JUH\ UHODWLRQDO
JUDGHLVVKRZQLQ7DEOH DQGFRUUHVSRQGLQJSORWLVVKRZQLQ)LJ 'HOWDVWDWLVWLFVLQ7DEOHPHDVXUHVWKHVL]HRI
WKH HIIHFWV E\ WDNLQJ WKH GLIIHUHQFH EHWZHHQ WKH KLJKHVW DYHUDJH DQG ORZHVW DYHUDJH YDOXH IRU HDFK UHVSRQVH
FKDUDFWHULVWLF %DVHG RQ WKH 'HOWD YDOXHV SURFHVV YDULDEOHV DUH UDQNHG IURP WKH KLJKHVW WR WKH OHDVW HIIHFW
,WLVHYLGHQWIURPWKH7DEOH WKDWWKURXJKQRQHRIWKHIDFWRUVDUHVLJQLILFDQWLQVRIDUDVWKHLQIOXHQFHRIWKHIDFWRUVRQ
WKHPXOWLREMHFWLYHSDUDPHWHUJUH\UHODWLRQDOJUDGHLVFRQVLGHUHGUHODWLYHO\WKHIDFWRUSUHVVXUHLVPRVWLQIOXHQFLQJ
SDUDPHWHU QH[W LV VWDQGRIIGLVWDQFH IROORZHG E\ FXUUHQW
7DEOH$QDO\VLVRI9DULDQFHIRU61UDWLRVRIJUH\UHODWLRQDOJUDGH
6RXUFH ') 6HT66 $GM66 $GM06 ) 3
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EDU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)LJ0DLQHIIHFWSORWVIRU61UDWLRVIRUJUH\UHODWLRQDOJUDGH
7KH RSWLPDOZHOGLQJSDUDPHWULFFRQGLWLRQ IRU PD[LPXPMRLQWVWUHQJWKDQGPLQLPXP ZHOGZLGWKVLPXOWDQHRXVO\LV
LGHQWLILHG DWWKHKLJKHVWYDOXHRIVLJQDOWRQRLVH61UDWLRRIJUH\UHODWLRQDOJUDGHLQ WKHSORWVRI61UDWLRVRIJUH\
UHODWLRQDO JUDGHV DV VKRZQ LQ )LJ  7KH RSWLPXP SDUDPHWULF VHWWLQJ LV FXUUHQW DW OHYHO  & $ VWDQGRII
GLVWDQFHDWOHYHO '  PPDQG SUHVVXUHDWOHYHO3 EDU
&RQILUPDWRU\WHVW
2QFH WKHRSWLPXP OHYHO RI WKHZHOGLQJSDUDPHWHUV LV VHOHFWHG WKH ILQDO VWHS LV WR YHULI\ WKH LPSURYHPHQW RI WKH
TXDOLW\FKDUDFWHULVWLFVXVLQJWKHRSWLPXPOHYHORIWKHZHOGLQJSDUDPHWHUV&RQILUPDWRU\H[SHULPHQWLVFRQGXFWHGDW
RSWLPXPFRPELQDWLRQLHFXUUHQW $VWDQGRIIGLVWDQFH  PPDQGSUHVVXUH  EDU)URPWKHFRQILUPDWRU\
UHVXOWLWLVIRXQGWKDWWKHRSWLPL]HGSDUDPHWULFFRPELQDWLRQSURGXFHG LPSURYHGUHVXOWVZHOGZLGWK: PP
DQGMRLQWVWUHQJWK6 03DDVFRPSDUHGWRLQLWLDOH[SHULPHQWV7DEOH
 &RQFOXVLRQV
7KHIROORZLQJVDUHWKHFRQFOXVLRQV GUDZQIURPWKHSUHVHQWDQDO\VLVRI ZHOGLQJRIDFU\OLFSODVWLFVE\ WKURXJK
WUDQVPLVVLRQODVHUZHOGLQJ
x )URPDQDO\VLVRIVLJQDOWRQRLVH UDWLR LW LVQRWHG WKDWSURFHVVSDUDPHWHUVGRQRWKDYHGLUHFW LQIOXHQFHRQ
MRLQWVWUHQJWKDQGZHOGZLGWK
x +RZHYHUFRPSDUDWLYHO\SUHVVXUHFDXVHVPRUHLQIOXHQFHRQWKHPXOWLREMHFWLYH FKDUDFWHULVHWKDQWKH RWKHU
SDUDPHWHUV
x 2SWLPXPZHOGLQJ FRQGLWLRQ REWDLQHGIURPWKHPDLQHIIHFWSORWV LV FXUUHQW$ $VWDQGRIIGLVWDQFH 
PPDQGSUHVVXUH EDU IRU VLPXOWDQHRXV RSWLPL]DWLRQRI MRLQW VWUHQJWK DQGZHOGZLGWKRIZHOGHG
VSHFLPHQ
x 7KHYDOLGDWLRQH[SHULPHQWFRQILUPVWKHLPSURYHPHQWRI ZHOGLQJ SURFHVV LQUHVSHFWRIMRLQWVWUHQJWKDQG
ZHOGZLGWKRIZHOGHGDFU\OLFSODVWLFV
x 7KHK\EULG7DJXFKLPHWKRGXVLQJ/ RUWKRJRQDODUUD\FXPJUH\UHODWLRQDOIRUDQDO\VLQJPXOWLREMHFWLYH
SUREOHPVLV IRXQGWREH VLPSOHDQG XVHIXO
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